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SPECIFICATION 



LASER WELDING METHOD 



Technical Field 

The present invention relates to a laser welding method. More specifically, the 
present invention relates to a new laser welding method which can optimize a laser 
output variation condition more simply and securely in a laser welding method of 
suitably varying waveform and frequency of a laser output so as to prevent occurrence of 
weld defects such as porosity, blowhole and crack. 

Background Art 

In recent years, since enlargement of output in laser oscillators has significantly 
proceeded, this is expected to be applied to deep penetration welding and high-speed 
welding. In the deep penetration welding, however, as the welding becomes deeper, it is 
more difficult to stably maintain a keyhole formed by a laser emitted portion, and thus 
weld defects such as porosity, blowhole and crack easily occur accordingly. For this 
reason, in order to apply laser techniques to wide-range process of materials including 
structural materials, the techniques that securely prevent such weld defects become 
indispensable. 

On the contrary, the inventors of the present invention propose a technique 
which periodically varies a laser output, and makes the frequency of the laser output 
match with a natural frequency of a wave generated on a surface of a molten pool, so as 
to prevent the weld defects effectively (for example, see Patent document 1). More 
specifically, in the welding which is already proposed by the inventors of this invention 
and periodically varies the laser output, when the laser output abruptly rises from a base 
output to a peak output, as shown in accompanying drawing Fig. 1, a lot of molten metal 
is blown from an inside of a keyhole, so that a wave is generated on the surface of the 
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molten pool. After this wave propagates to the rear direction of the molten pool and is 
reflected from a rear end, the wave returns into the keyhole. A frequency of a 
reciprocating movement of the wave on the molten pool at this time, namely, the natural 
frequency of the wave f (Hz) is expressed by the following formula where a length of the 
molten pool at the rear side with respect to the keyhole is designated by L (mm) and a 
propagation speed of the wave is designated by v (mm/s): 
f=v/2L (1). 

As is clear from the formula (1), the natural frequency of the wave changes depending on 
the length L of the molten pool. 

Further, Fig. 2 is a diagram illustrating one example of a relationship between a 
laser output variation frequency and a rate of defect occurrence at a time when the laser 
output is varied with a rectangular waveform such that the peak output is 20 kW and the 
base output is 12 kW and welding is carried out. The rate of the defect occurrence is 
defined as a percentage (%) of a porosity total cross section with respect to a molten cross 
section when X-ray radiography is carried out in a longitudinal section of the welded 
portion. When only a duty of the output variation is set to two different values, for 
example, 50% and 70%, the length L of the molten pool changes to 19.6 mm and 23.8 mm. 
Since the propagation speed of the wave is 630 mm/s in both the cases, when the natural 
frequency of the wave is calculated according to the formula (1), the natural frequency 
becomes 16.1 Hz (duty: 50%) and 13.2 Hz (duty: 70%). That is to say, in both the duties, 
when the laser output is varied at a frequency which matches with the natural frequency 
of the wave generated on the molten pool, the occurrence of porosity can be prevented 
most effectively. 

Further, the inventors of this invention propose a technique which suitably 
controls a waveform of the variation in the laser output so as to further heighten the 
defect preventing effect (for example, see Patent document 2). 

Patent document 1: Japanese Patent Application Laid-Open No. 2002-224867 
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Patent document 2: Japanese Patent Application Laid-Open No. 2002-273586 

Disclosure of Invention 

As explained above, in the methods which are proposed by the inventors of the 
present invention, since the preventing effect of the weld defect greatly depends on a 
waveform and a frequency of the variation in the laser output, it is the most important 
process to simply optimize conditions of the variation in the laser output. Further, in 
order to determine an optimum waveform in this welding method, the inventors of the 
present invention, therefore, develop a method of measuring light emission strength of 
plasma generated from a laser emitted position and detecting a state in which the light 
emission strength of the plasma becomes a threshold value or less so as to simply and 
easily determine the optimum frequency and the optimum waveform, and seek a patent 
for this method (Japanese Patent Application No. 2002-257195). On the other hand, 
however, while mechanisms of the weld defects are studied more variously and 
specifically, a possibility that the laser output variation conditions can be determined 
more simply and securely remains. Particularly, there is a room to study means for 
determining the optimum waveform. 

It is, therefore, an object of the present invention to provide a new laser welding 
method, which is proposed by the inventors, of measuring light emission strength of a 
plasma signal, analyzing a variation frequency of the signal so as to be capable of 
optimizing a laser output variation condition more simply and securely. 

In order to solve the above problem, a first aspect of the present invention 
provides a laser welding method of varying a waveform and a frequency of a laser output 
in a controlled manner so as to prevent occurrence of weld defects, which comprises 
detecting a time change in light emission strength of plasma or plume generated from a 
laser welded portion, and setting a laser output variation condition so that the time 
change in the light emission strength responds to the variation in the laser output. 
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A second aspect of the present invention provides a laser welding method of 
varying a waveform and a frequency of a laser output in a controlled manner so as to 
prevent occurrence of weld defects, which comprises detecting a time change in light 
emission strength of plasma or plume generated from a laser welded portion, analyzing 
the frequency characteristics of the light emission to obtain an amplitude of a frequency 
component which is the same or near a variation frequency of the laser output, and 
setting a laser output variation condition so that the amplitude of the frequency 
component becomes maximum. 

A third aspect of the present invention provides a laser welding method of 
varying a waveform and a frequency of a laser output in a controlled manner so as to 
prevent occurrence of weld defects, which comprises detecting the time change in the 
light emission strength of the plasma or plume generated from the laser welded portion, 
setting an arbitrary threshold value to the time change in the light emission strength of 
the plasma or plume, and setting the laser output variation condition so that a sum of 
time at which the light emission strength becomes the threshold value or less becomes 
minimum. 

Further, a fourth aspect of the present invention provides a laser welding 
method, which comprises setting the laser output variation condition so that the sum of 
the time at which the light emission strength becomes the threshold value or less for 
longer time than a predetermined time becomes minimum. 

According to the present invention, the light emission strength of the plasma or 
plume generated from the laser emitted position is measured so that the laser output 
variation condition is optimized, but in this invention, an attention is paid particularly to 
a relationship between the laser output variation frequency and the light emission 
strength. The laser output variation frequency and the light emission strength are 
suitably analyzed and processed, so that the optimum laser output variation frequency 
can be found more simply and quickly. 
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Brief Description of Drawings 

Fig. 1 is a pattern diagram illustrating a behavior of a molten pool near a 
material surface at the time of laser welding; 

Fig. 2 is a diagram illustrating a relationship between an output variation 
frequency and a rate of defect occurrence in weld where an output is varied at duty of 
50% and 70%; 

Fig. 3 is a diagram illustrating a constitution for detecting a light emission signal 
of plasma or plume according to the present invention; 

Fig. 4 is a diagram illustrating a time change of plasma emission strength 
measured under an optimum output variation condition; 

Fig. 5 is a diagram illustrating results of analyzing the frequency of the plasma 
light emission signal measured under the optimum output variation condition, an axis of 
abscissas represents the frequency of the plasma emission signal, and an axis of ordinate 
represents an amplitude in a frequency component; 

Fig. 6 is a diagram illustrating the plasma emission strength measured at the 
time of the laser welding; 

Fig. 7 is a diagram illustrating a variation waveform of the laser output in an 
embodiment of the present invention; 

Fig. 8 is a diagram illustrating a relationship between a ratio of defect 
occurrence on the welded portion where the output is varied as shown in Fig. 7 and an 
output variation frequency; 

Fig. 9 is a diagram illustrating a time change in the plasma emission strength 
measured under the respective output variation frequencies in the embodiment of the 
present invention; 

Fig. 10 is a diagram illustrating a level of the amplitude in the frequency 
component which matches with the output variation frequencies under conditions of the 
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output variation frequencies according to the results of analyzing the frequency of the 
plasma emission signal in the embodiment of the present invention; and 

Fig. 11 is a diagram illustrating a percentage (Vt) of a sum of time at which the 
state that the plasma emission strength is 0.02 V or less continues for 2 ms or more with 
respect to the measuring time in the embodiment of the present invention. 

Reference numerals in the drawings designate the followings. 

1: plasma or plume 

2: photodiode 

3: recording device 

4: laser 

5: parabolic mirror 
6: object to be welded 
7: work table 

Best Mode for Carrying Out the Invention 

The present invention has the above characteristics, but an embodiment is 
explained below. The inventors of the invention get the following knowledge about a 
mechanism of porosity and complete the present invention. That is to say, in order to 
clarify the mechanism of porosity, the inventors of the present invention observe dynamic 
behavior of a keyhole at the time of laser welding by means of high-speed x-ray 
transmission imaging system. As a result, even when welding is carried out with an 
laser output being constant, the keyhole greatly oscillates randomly to depthwise and 
radial directions, and weld metal is blown out of the keyhole spontaneously and 
intermittently at random frequencies. The occurrence of the porosity greatly relates to 
the oscillation of the keyhole, and when the keyhole greatly oscillates to the depthwise 
direction, a tip of the keyhole is separated due to capillary instability, so that bubbles are 
generated in the weld metal. Most of the bubbles generated here remain until the weld 



metal solidifies, and thus the porosity is formed. The phenomenon that the keyhole 
greatly oscillates to the depth wise direction at the time of welding is induced by the 
oscillation of the keyhole to the radial direction. That is to say, as the oscillation of the 
keyhole to the radial direction becomes larger, the porosity occurs more easily. As a 
result, when a movement of the keyhole to the radial direction can be detected, an 
appropriate condition that prevents the oscillation can be easily found, and a condition 
that effectively prevents the formation of the porosity can be easily optimized. 

A laser welding method provided by the present invention of varying a 
waveform and a frequency of a laser output in a controlled manner so as to prevent 
occurrence of weld defects is characterized in that a time change in light emission 
strength of plasma or plume generated in a laser welded portion is detected, and a laser 
output variation condition is set so that the time change in the light emission strength 
responds to a variation in the laser output. 

Fig. 3 is a diagram illustrating one example of a method of setting the laser 
output variation condition according to the present invention. In the case where more 
concrete example is explained, plasma or plume (1) is formed in a position to which a 
laser (4) is emitted due to an interaction between the laser (4) and a material to be welded 
(6) during laser welding. Emission of the plasma or the plume (1) is detected by a sensor 
composed of a photodiode (2) or the like provided near a welded portion, and this light 
emission is synchronized with a change in the laser (4) output so as to be recorded in a 
recording device (3). As a result, for example, as shown in Fig. 9, when a frequency of 
the variation in the laser (4) output is changed to 10 Hz, 16.7 Hz, 20 Hz, — , the time 
change in the light emission strength of the plasma or the plume (1) provide various 
forms. This is examined in detail. When the variation in the laser (4) output is an 
optimum frequency, as shown in Fig. 4, it is found that the time change in the light 
emission strength of the plasma or the plume (1), is in good response to the variation in 
the laser (4) output. It is found that at this time, the variation in the keyhole to the 



radial direction is small so that the stable keyhole is maintained and the occurrence of the 
weld defects is prevented most effectively. That is to say, this frequency may be an 
optimum laser output variation condition. On the contrary, when the frequency of the 
variation in the laser (4) output is deviated from the optimum value, the variation in the 
keyhole to the radial direction becomes larger accordingly, and the light emission 
strength is disordered in response to the variation in the keyhole, so that the variation in 
the laser (4) output hardly matches with the time change in the light emission strength of 
the plasma or the plume (1). 

When the laser (4) output variation condition is set so that the time change in 
the light emission strength of the plasma or the plume (1) is in response to the variation in 
the laser (4) output, the occurrence of the weld defects can be easily prevented during 
laser (4) welding. As to a determination of the response of the time change in the light 
emission strength to the variation in the laser (4) output, it is important that the time 
change in the light emission strength has periodicity which can be regarded to be 
approximately the same as the variation in the laser output, and further it is required 
that maximum peak time in each period of the light emission strength matches with or 
approximately matches with the time of a peak output of the laser. Furthermore, it is 
preferable that the light emission strength obtains a low value at each period at the time 
of a laser base output. 

In order to simplify and ensure these determinations, therefore, in the laser 
welding method which is provided by the present invention, data about the time change 
in the light emission strength of the plasma or the plume (1) obtained in the above 
manner are analyzed with frequency, and the level of a frequency component which is the 
same or close to the variation frequency of the laser output is obtained. The laser output 
variation condition is set so that the level becomes maximum. 

In the case where the frequency of the variation in the laser (4) output changes 
so that the welding is carried out, a peak of the amplitude in a plasma signal is observed 
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in the frequency component which matches with the frequency of the variation under any 
conditions. 

The peak of the amplitude in the frequency component which matches with the 
variation frequency is the largest when the frequency of the output variation is the 
optimum condition, and the peak becomes small when the frequency of the output 
variation is deviated from the optimum condition. This shows that the response 
between the variation in the plasma signal and the output variation is high or low. 

For example, in the frequency analysis of the plasma signal obtained under the 
optimum laser (4) output variation condition shown in Fig. 4, the peak at which the 
amplitude is large is observed in the frequency component which matches with the 
frequency (22.2 Hz) of the variation in the laser (4) output as shown in Fig. 5. When the 
output is varied at another variation frequency, for example 10 Hz, the peak is found in a 
position of 10 Hz, but its height is smaller than the case of the optimum frequency. Fig. 
10 illustrates a result of obtaining the amplitude (peak value) in the frequency component 
which matches with the variation frequency under the respective output variation 
conditions. When, therefore, the variation frequency of the laser (4) output is set so that 
the amplitude becomes maximum at the frequency component which is the same or near 
the variation frequency of the laser (4) output, the maximum laser (4) output variation 
condition can be realized more easily and clearly. 

In the present invention, the frequency analyzing method is not particularly 
limited, and thus any analyzing methods which are used widely and generally can be used. 
For example specifically, the fast Fourier transforming method or the like can be used. 

Further, in the laser welding method which is provided by the present invention, 
an arbitrary threshold value is set to the time change in the light emission strength of the 
plasma or the plume (1) obtained in the above manner, and the laser (4) output variation 
condition is set so that the sum of time at which the light emission strength becomes the 
threshold value or less becomes minimum. This is because in the case where the keyhole 



9 



varies greatly to the radial direction during the laser (4) welding, as shown by * in Fig. 6, 
a phenomenon that the plasma (1) emission signal breaks off for short time is seen. The 
laser (4) output variation condition can be, therefore, set so that the break-off period of 
the plasma (1) emission signal, namely, the variation in the keyhole to the radial direction 
becomes minimum. Detection of the state in which the signal breaks off for short time 
can be made more simply by setting an arbitrary threshold value to the time change in 
the light emission strength and detecting the time at which the light emission strength 
becomes the threshold value or less. The threshold value of the light emission strength 
can be set arbitrarily according to a welding state or by a detecting unit for the light 
emission strength, but generally whether the state in which the break-off of the light 
emission for a while can be determined is included is used as guide of the setting of the 
threshold value. 

Furthermore, the time at which the light emission is disrupted can be set 
arbitrarily, and in the present invention, the laser output variation condition can be set so 
that the sum of the time at which the light emission strength is the threshold value or less 
for longer time than a predetermined time becomes minimum. The predetermined time 
varies according to various conditions in the detection of the light emission signal, but 
about 2 ms can be shown as a rough guide. According to the present invention, the laser 
output variation condition can be set more simply without accurately detecting the 
disruption of the light emission. As a result, the variation of the keyhole to the radial 
direction is suppressed, and the stable keyhole is maintained, thereby realizing the 
condition that effectively prevents the formation of the porosity. Since this method has 
the similar steps as those of a laser welding method which is already proposed by the 
inventors of the present invention (Japanese Patent Application No. 2002-257195), the 
optimum waveform can be controlled and simultaneously the frequency can be set easily. 
Further, two or more of the above methods are combined, so that the optimum laser 
output variation condition can be set more accurately. 
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The method according to the present invention can obtain the optimum laser 
output variation condition for a very short time on the moment at the time of the laser 
welding. This method can be used also as feedback control. 

Examples are described with reference to the accompanying drawings, and the 
present invention is explained below more specifically. It goes without saying that the 
present invention is not limited to the following examples and detailed parts can adopt 
various forms. 

Examples 

<a> Steel SM490A for general weld structure was used so that partial penetration 
welding was carried out on a bead-on-plate. At the time of welding, in order to prevent 
occurrence of the weld defects, as shown in Fig. 7, a laser output was varied by a 
triangular wave with peak output of 20 kW and base output of 8 kW. Rise time at which 
the base output varies into the peak output was 10 ms which is constant, and the 
frequency was changed within the range of 10 Hz to 98 Hz. The device having the 
constitution shown in Fig. 3 was used, and the light emission strength of the plasma at the 
time of welding was measured by Si photodiode 2 (Si-Pd) with a sensitivity wavelength 
range of 190 to 1100 um at a sampling frequency of 50 kHz. Si-PD was installed on a 
horizontal extension of the same level as an object to be welded (6). A laser (4) beam 
was converged on the surface of the object to be welded (6) by a parabolic mirror (5) with 
a focal distance of 500 mm. A test piece with width of 20 mm, height of 30 mm and 
length of 250 mm was used, X-ray transmission test was conducted in the widthwise 
direction after welding, and a percentage (%) of a weld defect total area with respect to a 
molten cross section was used as a ratio of defect occurrence so that a state of the weld 
defects was quantified. 

Fig. 8 is a diagram illustrating the rate of occurrence of the weld defects at the 
respective output variation frequencies. As is clear from the drawing, the weld defects 
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could be prevented most effectively at the output variation frequency of 22.2 Hz. That is 
to say, 22.2 Hz can be the optimum output variation frequency. 

<b> Fig. 9 is a diagram illustrating an example where the plasma emission strength is 
measured at the time of welding at the respective output variation frequencies. At the 
optimum variation frequency (22.2 Hz), the plasma emission strength varies in good 
response to the variation of the laser output, but as the variation frequency deviates from 
the optimum value, the change in the plasma emission strength becomes more random. 
The frequency of plasma emission signal was, therefore, analyzed at the respective 
variation frequencies, the amplitude in the respective variation frequency components is 
calculated, and the results are shown in Fig. 10. It was found that the amplitude 
obtained an incomparably high value at the optimum variation frequency (22.2 Hz). As 
a result, the plasma emission strength is detected, the amplitude at the laser output 
variation frequency is obtained based on the result of frequency analysis, and the 
amplitude is set to be maximum so that the optimum output variation condition can be 
determined easily. 

<c> Meanwhile, a threshold value of 0.02 V is set to the signal of the plasma emission 
strength shown in Fig. 9, the sum t of time at which this state continues for 2 ms or more 
is obtained, and the percentage of the plasma emission strength with respect to measuring 
time t 0 is shown in Fig. 11. The percentage obtains the minimum value at the optimum 
variation frequency of 22.2 Hz, and thus the optimum frequency can be determined by 
this method utilizing the threshold value. 

Industrial Applicability 

As explained above in detail, according to the present invention, in the laser 
welding method of suitably varying a waveform and a frequency of a laser output so as to 
prevent the occurrence of the weld defects, a new laser welding method that can optimize 
the laser output variation condition more simply and securely is provided. As a result, 
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for example, thick materials can be welded easily with high quality, and thus this method 
is expected to contribute to practical application of laser welding of thick materials. 
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